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ABSTRACT

Using a point-contact Josephson junctien (JJ),
direct freguency measurement of far-IR laser lines can

- be performed by mixing the Nth harmonic of a microwave

frequency Vv: with the laser frequency v; to produce a
beat signal v such that v __ =V,- N,. Analeg com-
puter simulatidn of the JJ fids revealed an effi-~
cient mode of frequency multiplication and mixing.
This is a condition wherein the self oscillation,
vJ,is phase locked to a f:equency'ﬂz= p- sz % kvl .

= v:? where £, kX, and m are integers. The analog

studies show that this phase locking can occur at very
low as well as at high levels of the extermal drives.
The result of the phase lock is an efficient transfer
of energy into the V__ output signal. At least one
experimental result fas verified the occurrences of
phase locking to difference frequencies. It is also
well known that the optimum bias points in mixing

lie between the v_ steps. The interpretation of
these results and the direct role played by V_ in
mixing experiments has not, however, been generally
recognized,

I. INTRODUCTION AND THE MODEL

For frequency multiplication from microwave fre-
quencies into the far infrared, the point contact
Josaphson junction (JJ) is without peer. With this de-
vice, multiplication by 825 has been achieved and_a
laser frequency of 3.8 THz has heen measured l,ZJ.The
procedure is to mix the Nth harmonic of a microwave
signal with the laser fundamental to produce a beat of
£requency

vIr - vl - Nuz (1)

where v, and v, are the laser and microwave frequen-—
cies respectively. However, for large values of N
(say 200 or more), the signal at v__ is small at best
and the probability of a useable signal has been poor.
To understand the effects of various parameters
we have perxformed analog computer L3J studies of the
mixing and harmonic generation process. This work
has shown the importance of a mode of operation where-
_in the self oscillation at frequency v_, is at
least intermittently phase lotked to the frequency

Vg = oE v,y {2)

where 2, k, and m are integers. Our claim of phase
locking is based on the familiar "constant voltage®
steps in the I versus V curve of the 37 [4]. (The time-
averaged current through the junction is I and the
time-averaged voltage across it is V).In the compouter
study - in addition to the steps due to v_, Vv, and
their harmonics - there are steps at valués of V

given by V = V,(h/2e), where V_ is given by Equation 2.

The model for a low-capacitance point-contact
junction is assumed to be the simple resistively
shunted JJ as shown in Fig. 1. That portion of the
JJ representing the supercurrent, I_,is given by the

e V
= = .
dt 4.

usual two equations I_ = Ic sing; Since

J
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the junction normal resistance is generally low zom-
pared to both the dc bias impedance and the micro-
wave and laser impedances we approximate the drive
as a constant current scurce. The results cobtained
using this constant current model are generally in
much better agreement with real data for pcint-
contact junctions than the resylts obtained using

a constant voltage model. For example, the absolute
power of the signal at V__ and saturation levels are
better predicted by the Jdnstant current model.
(Throughout this paper, the symbols I, and I, repre-
sent the laser and microwave drive currents Zespec-
tively).

II. BASIC RESULT OF STUDY

Figure 2 represents the essence of our work and it
will now be discussed in some detail. In this figure,
peaks in IJ (IJ is the spectral ccmponent of the

Josephson cgzrentrgt the frequency V
are plotted versus V/V

) and steps in T
Ref” Throughodt the paper,

ZV H
vRe! 2(h/2e) and vc ICRS(Ze/h) where Ic andé Rs are

the junction eritical current and shunt resistance
respectively. The nozmalization factor, I___ is that
value of I, which produces the first maximumh of

Jl(Bl). Here B8, is that value of Il which produces
the first maximum of Jl(Bl). Here Bl is the argument

of the Bessel function of first ordexr and zero-th kind.
It is given by:

2¢ I. R

8. = 1 7s

-8 —157:;—-
)=ty . 1, = I, Sine

R R
83 ¢I151n(m]:*91) S de/dt = 2ev/h
¢125in(u2t‘62)
Fig. 1. Schematic of resistively shunted Josephson

junction driven by comstant-current sources. I, is
the laser drive current and I5 is the microwave drive
current.

The usual steps due to the microwave and laser
sources are given, respectively, by terms one and
two of Equation 2. The third term - in combination
with one or the other of the first two terms - de-
scribes staps that arz due to the mixing of the funda-
mental of the laser with the Nth harmonic of the mic-
rowave source. That is, steps invelving vI’ =y, -

1 2
= v

The eguation, Vg 2 + kUL (with the indices g

and X
taking all positive and negative integer values) de-
fines all the possible frequencies resulting from a
linear combination of the drives at u_ and v,.
Equation 2 can, of course, be reduced to this form. we
have written Zquation 2 simply to conceptualize the facs
thac the individual drives produce lines at the same
frecuencies as they would if applied separately. The
simultanecus application of these two drives results
in the original lines (although they may be radically
altered in amplitude and phase) as welil as additional
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I1 and T plotted.

simultaneously against V/v s v (h/2e) .Both
vertical axes are in arbztra:y unxgs. is defined
in text. The following 1xst defines the irequencies
{actually, the values of w0 assoc;ated with each of the
letters in the figure: a = Vlr, a’ = - VIF .

b = 2V -8

Fiz. 2. Analog simulation for N = 1.
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1 % Vi
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i 9 7T
- - v
Vep and - V) * Vg
lines. Cne final point. There are, of course, no nega-
-tive frequencies. All the lines at negative values of
V/VRgf merely represent the fact that phase locking

can ~« and does - occur at negative values of V. 1In
Fig. 2 the major peaks of I have been identified.

IF

. For example, the peak at Vyvng corresponding to the

frequency 2\1‘L + v {(line h) is obtained with

IF
2 =0, k = 2 (and plus sign), and m = 1 (and plus
sign) in Eguation 2. It can also be seen that
degeneracies are a possibility such as v, - v

X 1 IF
v, {line 4).

and

Cne aspect of this degenaracy is that the IJ

peaks can be quite small where one might expect tggm

to be fairly large. For example, the two largest steps
in the I -~ 7 curve (other than the zero-th step),

which occur at V/V of about - 1.3 and + 1.3, corres-

pond to lines e (wl, =V, - \JIF) and e (+\)l, v, WIP)

respectively. The IF peaks here are at least weak if
not missing. On the other hand, the degeneracies

lapeled lines 47 ( Vs -vL + Vip and & (vz, v, - VI?)

correspond to large IF peaks. These two cases appear

ts 2 explained by noting that En tEF case of the
missing peaks the steps in the I - ¥V curve are due al-
mostT entirely to the rather large drive at

Vl(I’/I . = 0.34). We interpret this to mean that most
oI tAe spéctral content of I_ is confined to y, and

J 1
i®s harmonics. In the other case, the terms having to
do wizh just the extarnal drive (-;,, v,) are weak and

th2 other terms (-vl - uIran- vy T ) resul: in a

significant part of the supercs
.. €ompenent.

urren: appearlnq in the
In other analog data (not shown) we

have sean that these two cases are reversed by changing
the relative sizes of the two drives.

v

This interpretation of the relative sizes of I
peaks in the presence of degeneracy is consistent IF
with points 1 and 2 of the low-temperaturs data in
Section III. Witnh respect to this, it should be noted
that for most daca vl/vz > 3 so that the degeneracies

(of low-order) that caused the missing peaks in Fig. 2
don't occur. It should also be noted that, despite the
complexity of Fig. 2, the numerical values of £, k, and
m are always small -~ never more than 2. That is, low-
order processas dominate as one would expect. A study
of additicnal analog data (not shown) indicates that
the relative heights of the various peaks are strongly
influenced by the relative sizes of the two ac drives.

IITI. COMPARISON OF COMPUTER SIMULATION AND

LOW~-TEMPERATURE DATA

Computer Results

There are five basic features of the computer simu-
lation:
(1) Peaks in the intermediate frequency power,
P,ps OCcur at values of 7V corresponding to

the fraquencies vJ =% sz * kUl * mv

except as discussed in Section II.

IFI

(2) Nulls in PIF occur for V values correspaond-

3" 2.\)2 and vy k\Jl,

except as discussed in Section II.

ing to v

(3) PI? saturates for laser power levels con-

siderahbly less than predicted by the constant-
voltage model.

(4) P__ increases linearly with P for small

IF
values of P

laser
laser’

{5) As N increases, the peaks in P__ versus v -
in between an adjacent pair of microwave
steps - become smaller. The background level
between these peaks increases with N and the
resolution of the individual peaks becomes
more difficult.

Low-Temperature Point-Contact JJ Results

The data on fregquency multiplication with JJ's fall
roughly into two categories: first, N values in the
range 1 to 12[5,6,7,8]. Second, N's from about 50
to 825 [l,Z,S,lﬂ.

In the sacond category, information about the
dependence of ?__ on various parameters is imprecise
but both categories support all the points below.

(1} P, maximizes at V values between those

correszonding %7 the microwave steps, i-2.. .

P
for v, batween 1V, and (L + 1) v, (s.5,7.3, 82}
J

(2) Nulls in P__ occur for V values corresgonding

T, o= 2v [S 6] .

\ r D reatel
occurs fo 1aser S

for values of N of th=

(3} Saturation of PI_
r
than about 0.1 P

,

Y - > =
order of 10 and less [7}. Ffor larger :“1
twe drives need to be more nearly 2quai Ll.
P is the microwave power and is rougtly
G



cptimum when it maximizes the Mth microwave
step in the I - ¥ curve {7].
(4) PIF increases linearxly with Plaser Zo
< 0.1 F 6,7] .
Praser < 01 “hw [s.7]

(5) For N values beyond about 10 there is only
one broad maximum in PIF betwaen microwave
steps [7]. i
Reference 7 (N = 9 and 12) found that there was

an optimum bias point between any one pair of
steps, that there was a best bias point, and that the
harmonic number influences between which pair of steps
it occurs. Furthermore, for steps beyond the 6th, the
size of the maxima decreased significancly. The analog
raesults show the same qualitative dependence upon har-
menic number.

The phase locking interpretation is strengthened
by one instance of data wherein steps appeared in the
T - V curve in accordance with Equatien 2. In Refer-
ence 5, a point-contact JJ was irradiated with a 6%

{z and 2 72 GHz klystron. Stegs in the I - ¥ curve
their Fig. 4) clearly appear in positions at least
qualitatively in agreement with Equation 2. Steps
corresponding to m values as high as 2 are visible.
Upfortunately, na PIF data with \iF = 8 GHZ were taken.

IV. FURTHER DETAILS OF ANALOG RESULTS

Data ware taken of I versus V with I. and

J 1
N as parameters. The N val&g studied were 1,3, and 10.
Practical limitations of the analog simulator preven-
ted useful analysis for N values much above 10. For N

values of 1 and 3 the biggest maximum in IJ occurs

. . =
for? =0, k =0,m=+1 (i.e., v SVIF) inIEquation 2.

. J
The data discussed below were taken under that condi-
tion. In this section the following conditions hold:

H o= 1; Vi /\Jc - 3.38, \)2/‘\)c = 3.10.
3.28, Vz/vc = 1.03. N = 10; Vl/Vc = 3.23, Vz/vc =

0.310. For all cases, the normalized bandwidth of the
spectrum analyzer was 1 x 1073,

N=3:Vl/\ac =

For N = 1 we consistently observed that thers

was a range of V aver which IJ exhibited a smooth

peak with a single maximum. (ng data of Fig. 2 suffer
from the fact that the V range was swept too fast for
a complete response). Outside this range - but still
between £ = 0 and £ = 1 - the output of the spectrum
analyzer was rather unstable. Inside the range it was
guite stable.

For each value of N and I there is a maximum in

IJ within a range of V similar to that discussed :

IT . . :
abcove. Figure 3 shows these maxima versus Il.
This brings us to another basic point. Although,

the output we wisn to detect is at VIF' energy is

contained - oftan of significant magnitude - in many
other spectral lines. In general, there are spectral
comeoonents az th2 furdamentals an2 harmonics of aach
cf the three {reguencies VIF' ul and v, . In addicion,
each of these lines produce sum and difference fre-
Juencies with eazh of the other lines. Qperating in
the phase-locked mode we have examined this spestrum

versus Il’ I., and N. The lines of significant

s ngsh are restricted o low orders of harmenic
generatlion and mixing. Mevertheless,
a very large number of intense linas.
-

vsical speccrum when phase locked.

cx

the spectrum has
Fig. 4 shows a
fleze, Y _ = v
N IF’
T I T/ =
.3/IHef 1.0 and LL/IREE 3.23.

5r
sk
,<: L ® ® Nxl; v]/vc’l.lﬂ. VZIVC’J.IO
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Fig. 4. The major lines in the spectrum of the Josephs
current. Spectrum taken uander phase-locked condiction
with Vyp = Vrp. Here N = 3, and lines shown as delra

functions for simplicity.

Wwhat determines whethexr the various peaxks in a
plot such as Tig. 2 can be resolved? Two factors: Cne
is the N value and the other is the noise of the ac
sources and the d¢ bias. The M value is important be-
cause, as N increases, the spectrum spreads out and
the fraction of the supercurzrent that goes into IJ

o
. . iy
dacreases. If the ac drives and the dc oias are

noisy this will adversely effect the phase lock [1]] .
Mloise in the lower ZIrequengy drive (V) is particu-
larly determincal because the degradation increases
rapidly with increasing al12].

The computaer simula iscussed above will not
zermit useful pre fZiciently high values
of M. 2d is a simplfied analysis that
will predict T versus M and I1 for 3just one

7alue of ¥V (say that corresponding te vy o= UI?)' we
nnow of me such analysis. :
we nave made ons acIampt at such a calculaticn.

Hore we used a selif-consistent calculacion with 3 ( <he
in I, = I_ sin ) exparnded in four terms. Thes2 had
~ ~
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frequency dependences of de, Vi. Vi, and VIF' This
calculation showed-yhase-locking features such as
steps in the I - V curve according to Equation 2. It
did not, however, give useful estimates (i.e., in
agreement with the simulations) of I even for

N = 1. Perhaps the assumptions of Egis calculation
contrasted with the data of Figure 4 will point the
way to a better approach.

VI. CONCLUSIONS

The analog simulation shows that the phase locked
mode of operation is quite important at low values of
N. The limited data available with actual JJ's at low
N suggests that this is, in fact, how the JJ's have
been operated. Since, with the analog simulator, no
other efficient mode of operation has been found, we
presume that phase locking - at least intermittently -~
applies even at large N values. To increase the
efficiency of the phase locking process the noise on
the ac and dc drives should be minimized. 1In
a3dition, it may be possible to resonate the external
cirecuitry in which the JJ is placed so that the spec-
trum of I_ is modified. Modifications may be possible
which result in forcing more energy into IJ .

IF
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